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ABSTRACT
The method of delayed coincidences for measuring lifetimes
of excited states has been used to investigate imprisonment of radiation
in potassium vapor and to measure quenching cross sections in mixtures
of potassium with diatomic gases and sodium with noble gases. The
method has also been used to investigate the possibility that a long-
lived molecular complex might be formed in inelastic collisions between
2
potassium and xenon, which lead to excitation transfer between the P 
potassium states.
The alkali metal atoms were excited with short pulses of 
resonance radiation, and the delays between the exciting and fluores­
cent pulses were measured with a time-to-amplitude converter. At
10 3
pure potassium densities below 1 0  atoms/cm , the measured lifetimes
approach the constant values of 27.8 +  0 . 8  and 27.6 +  0 . 8  nsec,
2 2
corresponding to the mean lifetimes of the 4 ^ ^ 2  anc* ^ ^ 3 / 2  states> 
respectively. At higher densities, the apparent lifetimes are in 
satisfactory agreement with the predictions of Hol s t e i n ’s theory.
The decrease in the apparent lifetimes, upon addition of diatomic gases 
to the potassium vapor, yielded cross sections for quenching collisions 
with N^, H^, HD and D^, which equal 34.0 +  2 . 0  X2, 9.4 +  1.3 X2,
11.9 +  1.5 X2 and 8 . 0  +  2 . 0  X2, respectively. Addition of the noble 
gases He, Ne, Kr, Ar and Xe to sodium vapor did not lead to any 
measurable change in the decay rates for the sodium states within the
iii
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limits of experimental error of +  3<f0. It was hence concluded that the 
noble gases are very ineffective in quenching sodium resonance radiation 
and an effective upper limit on the cross section for this process was 
estimated to be 1 0  ^ .
Observation of satellite bands in the emission spectra 
of alkali atoms in a noble gas environment has been cited as evidence 
for the existence of bound molecular states between the two species.
The sensitized fluorescence from potassium-xenon mixtures was investi­
gated by the delayed coincidence method to see if long-lived molecular
complexes participated in the interactions causing excitation transfer
2
between the potassium P states. Comparison between the experimental 
results and calculations based on the rate equations gives no support 
to the hypothesis that the formation of such a complex should be an 
important vehicle for excitation transfer.
IV
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2
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Experimental
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I. INTRODUCTION
When alkali metal vapor at low density is illuminated with
a sharp pulse of the appropriate resonance radiation, some of the atoms
2 2
are excited to the n or n P 3/2 resonance state (n =  3 for sodium;
n =  4 for potassium) and subsequently decay emitting resonance fluores­
cence. The decay process, which is assumed to be exponential, is des­
cribed by the equation
N =  N q exp (-t/T ) (1 )
where N and N are the densities of excited atoms at times t and o, 
t o
respectively, and j ,  the mean lifetime of the excited state, is a 
specific property of the alkali atoms. If the vapor density is increased, 
the fluorescent radiation becomes imprisoned in the vapor, and m easure­
ments of the decay rates yield effective lifetimes which are signifi­
cantly larger than j  and which are a property not only of the isolated 
atoms but also of the bulk vapor.
The trapping of resonance radiation in metallic vapors and 
its effects are of fundamental interest to workers in the fields of 
atomic physics, radiofrequency spectroscopy, upper atmosphere physics 
and plasma physics.
The imprisonment of resonance radiation in sodium was first
observed by R. W. Wood^ and one of the early quantitative studies of the
2
effect was reported by Zemansky who measured the lifetime of the Hg
1
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23
6 P^ state in relation to the mercury vapor pressure. The first system­
atic experimental investigation of radiation trapping in sodium was
3
carried out by Kibble, Copley and Krause , although other authors (for
4
instance, Seiwert ) had used existing theories of the effect to correct
fluorescent intensity measurements.
It was first pointed out by Compton^*^ that imprisonment of
radiation is analogous to the diffusion process. Using this analogy
Milne^ produced a successful theoretical treatment of radiation impris- 
8 9
o n m e n t . Holstein * carried out a more complete analysis for a single 
resonance line, in which he considered geometrical effects, and which 
was extended by W a l s h ^  to account for the influence of simultaneous 
Doppler and collision broadening and of hyperfine structure. When the 
hyperfine structure extends beyond the Doppler width of the resonance
line, coherence may be preserved in the scattering of a photon from
11 12 
atom to atom (Barrat ; D ’Yakonov and Perel ).
The addition of a gas complicates the decay spectrum as
inelastic collisions between an excited alkali metal atom and a gas
molecule (or atom) cause the atom to be transferred either to the ground
2
state (quenching collisions) or to the other P state (mixing collisions),
with an accompanying change in the translational, and in the case of
molecular gases, vibrational and rotational energy. Quenching competes
2
with spontaneous decay and decreases the observed lifetime. P mixing,
which has been investigated in mixtures of alkali vapors with diatomic
13 14
and noble gases, by Krause and co-workers * , can also affect the
decay spectrum. The processes of quenching and mixing may be described 
by the following equations:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3A* ( 2p3 / 2 ) +  x  «  A * (2p i / 2 ) +  X +  A E  (2)
a* ( 2Pj) +  X  «. A  (2 S 1/2) +  X  +  A E ’ (3)
where A  and A  are ground state and excited alkali atoms and X  is the
collision partner which may be a noble gas atom or a diatomic molecule.
A E  is the energy difference between the fine structure components, which 
equals 58 cm  ^ (.007 eV) for potassium and 17 cm ^ for sodium, and A E T 
is the excited to ground state energy separation, which is approximately 
equal to 13,000 cm  ^ (1.6 eV) for potassium and 17,000 cm ^ (2.1 eV) for 
sodium.
The early experiments involving quenching of atomic resonance 
radiation have been summarized by P r i n g s h e i m ^ .  The quenching of potassium 
resonance radiation by diatomic molecules has been investigated by
J e n k i n s ^ ,  Hooymayers and M k e m a d e ^ ,  Gatzke^®, Smith, Stewart and
19 14
Taylor , and McGillis and Krause . The knowledge of potassium -
diatomic molecule quenching cross sections obtained in this investiga­
tion under well-defined experimental conditions should help in the un d e r ­
standing of the mechanism involved in the interactions between excited 
atoms and various molecules.
2
It is well known that noble gases can induce P mixing in 
excited alkali atoms. However, the ability of noble gases to quench 
alkali resonance fluorescence has been the subject of various specula­
tions. If such quenching were possible, collisions between noble gas 
atoms and excited alkali atoms would lead to a complete conversion of 
the atomic excitation energy into kinetic energy of relative motion and 
to a consequent decrease in fluorescent intensity, which should be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
proportional to the gas pressure. Such effects were reported by
20 21 22 
Kondratiev and by Chapman and Krause . Demtroder observed a
2
decrease in the lifetime of the 3 P state in sodium, which amounted to
about 20^ at a helium pressure of 300 Torr, corresponding to a quenching
cross section of .34 On the other hand, a theoretical investigation
23
by Stamper showed such quenching processes to be impossible. In
2
order to resolve this question, the observed lifetime of the 3 P states 
in sodium was measured as a function of gas pressure for all the noble 
g a s e s .
There have been various attempts to explain theoretically
the mechanisms which cause the observed variations in the mixing cross
sections for different alkali atom - noble gas collision partners.
24
Jordan considered separately the effects of Van der W a a l ’s and 
Quadrupole-Induced-Dipole interaction mechanisms on sodium and potassium- 
noble gas cross sections but was unable, on the basis of his experi­
mental results, to decide which of the two mechanisms was dominant.
25
Callaway and Bauer obtained moderate agreement with experiment in
26 27 28
calculations utilizing the impact-parameter method. Nikitin * ’
considered various degrees of molecular coupling between alkali atoms
and inert gas atoms and the calculated cross sections agree in order of
4
magnitude with Seiwert’s measured value for sodium and with values
13
reported by Krause for potassium. However, the degree of corres­
pondence between theory and experiment indicates that the interaction 
mechanism in these mixing collisions is not yet fully understood.
Reports of satellite bands on the long wavelength side of 
the resonance lines in the emission spectrum of the alkalis in a noble
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
529 30
gas environment ' indicate that bound states may exist between alkali
31
and noble gas atoms. Lapp and Mahan , using a 6-10 Lennard Jones
interaction potential, have worked out the number of such bound states
and estimated the concentrations of alkali-inert gas molecules. The
32
results of Bouchiat, Brossel and Pottier on the study of relaxation 
of pumped Rb atoms in a Kr buffer gas can only be explained by postulating 
the existence of alkali - noble gas molecules which are relatively long
lived. The theory for this relaxation has been derived by Bouchiat,
33
Bouchiat and Pottier and it is found that these molecules, formed by 
either three body collisions or two body resonant collisions, may exist 
for as long as 10 ^ seconds depending on the buffer gas pressure. This 
evidence concerning the systematics of alkali - noble gas mixtures 
gives rise to the speculation that excitation transfer (mixing) may 
proceed by a long-lived molecular state intermediate to reaction (2 ).
To determine whether this mechanism is present, the emitted intensity 
of the sensitized fluorescence in K  - Xe mixtures was studied as a 
function of time.
It is hoped that the results of this work will lead to a 
better understanding of the interaction mechanisms involved in inelastic 
collision processes with excited alkali atoms. In addition, the 
systematic study of the effects of imprisonment of radiation makes it 
possible to eliminate or account for this process as a source of systematic 
error in the experimental results.
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II. THEORETICAL
A. Imprisonment of Radiation
11 12 
The theories of Barrat and of D'Yakonov and Perel
cannot be applied in the case of sodium or potassium because the hyper­
fine structures of the resonance lines lie totally within their Doppler
8  9
widths. Holstein's ’ theory of radiation trapping should, however, 
provide a useful basis for comparison between experimental results and 
theoretical predictions.
Holstein's model involves a dimensionless 'escape factor', 
g, which appears in the exponential decay equation:
N(t) =  N q exp (— t /q-*) =  N q exp (-gt/j) , (4)
where g, a constant characteristic of the decay process, is evaluated 
from integro-differentia 1 equations which give the population of a 
state n(r,t) in relation to position and time, and which are formulated 
in terms of the transmission coefficient for a Doppler-broadened line. 
The transmission coefficient, T(p), is defined by the following general 
expression:
T(p) =  J  P(v) exp [-k(v)p] dv , (5)
where P(v) represents the frequency spectrum of the radiation emitted 
from a given volume element and k(v) is the absorption coefficient which 
varies with the frequency v. Thus, T (p ) is the probability that an
6
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emitted photon will traverse a distance p =  |rT - r| without being 
absorbed. If the shape of the (non-self-reversed) resonance line is 
determined by Doppler- or pressure-broadening, and the emitting atoms 
have a Maxwellian velocity distribution, then P(v) oc k(v). For a 
Doppler-broadened line (pressure-broadening may be neglected at very 
low vapor pressures), the transmission coefficient is expressed as:
T (p) =  J* (1 /rr1/ 2 ) exp(-x2 ) exp[-kQ p exp(-x2 )] dx . (6 )
— CO
k Q is the absorption coefficient at the centre of the line of wavelength 
X (or frequency V q ), and is given by
k o =  U q 3 / 8 tt ) N ( gl/go ) (TT1 / 2  v o t ) " 1 , (7)
1/2
where v q =  (2RT/M) , is the average speed of the potassium atoms, N
is their density and g^ and g Q are the respective statistical weights 
of the excited and ground states. The variable x in Eq. (6 ) is defined 
as x =  (v - V o )tc/vq . The escape factor, g, is related as follows to
T ( p ) :
g -  T U )  , (8 )
where Jf is the shortest linear dimension of the fluorescence cell.
Eq. (8 ) constitutes a good approximation and, together with Eq. (4), 
provides the connection between the theoretical and the observed decay 
spectra.
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8B. The Decay of the Resonance States in the Presence of Quenching and
Mixing Collisions
The processes which occur when a mixture of alkali metal
vapor and molecular or noble gas is irradiated with the appropriate
alkali resonance radiation, are depicted in Fig. 1. The collision
numbers Z^q» ^ 2 0 ’ ^ 1 2  an ^ ^ 2 1  are as t i^e frequencies of inelastic
collisions per excited atom, leading to the various processes of energy
transfer, s^ and S£ are the densities of alkali atoms excited to the 
2
appropriate P state. Since the excitation proceeds by a short pulse of 
light, s^ and S£ are time-dependent functions s^(t) and S 2 (t). A good 
approximation to the optical excitation pulse is given by
s^(t) =  a sin wt 0 ^ t ^ t , (9)
S 2 (t) =  b sin wt 0  < t s t , (1 0 )
where w  is a measure of the duration of the pulse (t ) and a and b are
chosen so that the area under the curves s^(t) and S 2 (t) corresponds
to the experimentally observed numbers of excited atoms yielded by each
excitation pulse. 1 /t-^T and I I 1 2 ' are t i^e observed decay rates of the 
2
P states in the absence of the gas. The following are the rate 
equations for the populations of the two resonance states.
dN
- d r  =  >l(‘ ) +  1,2 Z 2 1 - V 1 /t i' +  Z 1 0 + 2 1 2 >
=  s L (t) +  N 2 Z 2 1 - , (11)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2Fig. 1. Energy levels of alkali atoms, involved in quenching and 
mixing collisions with molecular and noble gases, s^ and S 2 denote the 
optical excitation rates for the states, while Z^q, %20> 2 1 2  anc* Z 2 1  
are the rates for the various processes of collisional energy transfer. 
1 /t| and I/t^ are the inverses of the apparent lifetimes of the 
resonance states and denote the rates at which spontaneous emission 
takes place.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
dN
d T  =  s 2 !t) +  N iz i2 - N 2 (1/T2 ’ +  z a o + z 2 i>
=  s2 (t) +  N xZ 1 2  - N 2 r 2 . (12)
Equations (ll) and (12) have solutions of the form:
N 1 =  exp(-r^t) +  A 2 exp(-r 2 t) +  A^ sin wt +  A^ cos wt , (13)
N 2 =  exp(-r^t) +  B 2 exp(-r 2 t) +  B^ sin wt +  B^ cos wt , (14)
where
rL = i/2(rL + r2) + i/2[(r1 - r2)2 + ^z12z2i ^ /2 » (15)
r2 - i/2 (r1 + r2) - i/2[(r1 - r2)2 + ^z12z21]1/2 • U 6 )
Equations (15) and (16) correspond to the solutions found by Bennet,
2 y
Kindlmann and Mercer . The coefficients A and B^  ^ (i =  1,2,3,4$ are 
derived from the initial conditions at t =  0  which are
N x (0) =  N 2 (0) -  0
dN.(O) dN (0)
4 r -  - n (0)! - l r -  = s2(0) • ll7)
These conditions yield
r A  +  w A
A. =   2 , (18)
1 - r2 ■ '
r,A. +  wA„
A, =  - t * ------3 , (19)
2 r2 - rl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
1 2  " 1 2  2 1 " 2 1 ' 2 ^r i 2 . .
a   ----------------------------- Y i --- 2------------ T ------  ,(20)
(rir 2 ‘ Z 1 2 Z 2 1  “ W  } +  w (ri +  r 2 }
(r ir 2 " Z 12Z 21 - w  )aw “ +  r 2 )(Z21b +  r 2a)
A  =  -5 - 5 -- 5-------------5------- ,(2 1 )
^r ir 2 " Z 1 2 Z 2 1  W   ^ +  w  +  r 2 )
r2B4 +  w B 3
B, =  , (2 2 )
1 2
x  B. +  wB,
B 2 =    , (23)
i  r 2 1
*rlr2 ‘ Z12Z21 ' “2)(zl2a + rlb) + ”2lrl + r2*b B = ------------------------  ---- ---------- ------- • ( 2A)
(rir 2 _ Z 1 2 Z 2 1 ‘ W  ] +  W  (ri +  r 2
<rir 2 - Z 1 2 Z 2 1  - ” 2)b”  - ” (ri +  r 2 )<Z 1 2 a +  r ib)
B 4  “  2 ~ 2 2 2 *U  J
(rir 2 ' Z 1 2 Z 2 1 ’ W } +  W  (ri +  r 2 }
After excitation ceases at t =  tQ , a =  b =  0, yielding the initial 
conditions for decay:
^ 1 0  d N 2 0
—  =  N 2 0 Z 2 1  - V l  * I T  =  N 1 0 Z ! 2  ' W a  - (2 6 >
where N, . =  N,(t ) and =  N„(t ) are obtained from E q s . (13) and (14), 
10 I o 20 2 o
Putting t =  0, to eliminate an arbitrary factor, Eqs. (26) give:
o
A 1 = tN20Z21 + N 10(r2 ' ri}3/(r2 - rl} ’ (27>
A2 = tn20Z2l + N10(rl " T1)]/(r1 - r2) , (28)
B 1 =  ^-N 1 0 Z 1 2  +  N 2 0 ^ r 2 " r 2 ) ] / ( r 2 " rl^ ’
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12
^ 1 0 ^ 1 2  +  ^20^r l " ” r2^ * (30)
A useful simplification results if it is postulated that Z^q =“ Z ^ 0  =  Z 
and that the square-root term can be reduced as follows.
[(ri - r2)2 + 4Z12Z21]1/2 = (z12 + z21) {1 + [(1/tJ - 1/tJ)/(Z12 + z21)2]
[1/T;- 1/t'+ 2(Z12. Z 21))}1/2 - Z12+ Z21 .
The first assumption has been verified experimentally in mixtures of
14
alkali vapors and diatomic gases by McGillis and Krause and by Belisio,
35
Davidovits and Kindlmann . The second approximation is accurate to 
better than 2/f, at the potassium vapor pressure (10 ^ Torr) and diatomic 
gas pressures ( 1 - 3  Torr) used in this investigation. It also holds 
in the sodium - noble gas quenching experiments since the sodium pressure 
is so low (5 x 10 ^ Torr) that 1/t^ =  I/t^* With these approximations, 
and r 2 become
r 1 = (l/2)(l/r{ +  1/t£) +  Z 1 2  +  Z 2 1 +  Z ,
r 2 -  (1/2)(1/T{ +  1/t£) +  Z . (31)
At low alkali vapor pressures, when 1/ t | —  I/t ^ j ^  =  When both
resonance components are observed at the same time so that
N(t) =  N L (t) +  N 2 (t) , (32)
the decay spectrum is determined to a good approximation by r 2 alone, 
and the decay equation becomes
N(t) =  (A2 +  B 2 ) exp(-r 2 t) . (33)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2 2
Equation (33) treats the n anc* n ^3/2 states as a
single resonance state, with the spontaneous decay rate (1/2)(1/t | + 
l / T p  and radiationless decay (quenching) rate Z. The latter yields 
the quenching cross section, Q, through the equation
Z =  N Q v r , (34)
where N is the density of the quenching molecules and v is the average 
relative velocity of the colliding partners.
C. The Decay of the Resonance States Involving the Formation of an 
Intermediate Molecular Complex
Figure 2 is a schematic representation of the processes that 
change the energy state of a potassium atom in a noble gas environment 
assuming the formation of an intermediate molecular complex which must
proceed by three-body or two-body resxmant collisions, s^ and are
2
again the densities of potassium atoms excited to the appropriate P 
states as defined in Eqs. (9) and (10). The Z-numbers refer to collision 
processes leading to energy transfer, and the subscripts denote initial 
and final states. F^q and r£Q are the inverses of the observed lifetimes 
of states 1 and 2 , while F ^  and are t*ie inverses of the lifetimes
of the intermediate molecular complex. At low noble gas pressures we can 
ignore atom-molecule collisions which would tend to dissociate the m o l e ­
cule. The rate equations for the populations of states 1, 2 and 3 may 
be immediately written down as:
dN
- d T  = sl(t> + r31N3 - (r! 0 + Z1 0 + Z13)N1 " sl(t> + r31N3 ' nSl •(35)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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23 32
42P,
I
1
2
Fig. 2. Energy levels of potassium atoms, including an 
intermediate molecular complex formed during mixing collisions with 
noble gases. r ^ 0 > T 2q> and are t *16 inverses of the lifetimes
for the various processes of decay denoted by the solid arrows. All 
other symbols have been previously defined.
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From these equations, it is possible to derive three third order 
differential equations for N^, N 2 and .
d Yd N. TI. dN.
|  +  a — | + B i r + C N i =  F i (t) ’ 1 =  1 , 2 , 3  (38)
dt dt
where
A =  7 l +  y 2 +  y 3 , (39)
B =  y jY 2 +  y Ly3 + y 2y 3 - r 32Z 23 - r 31Z 13 » (40)
C =  y ly 2y 3 " r32Z 23y l " r 31Z 13y 2 ’ (41^
and
d 2 s 1 (t) d s ^ t )
F 1 ( “  r31Z 23S 2 ^  +  y^ 2y 3 " r 32Z 23^S l^t  ^ +  ~~2 +  y^ 3 +  y 2  ^ dt
dt 
(42)
d 2 s 2 (t) d s 2 (t)
F 2 (t) =  r32Z 13S l (t) +  (yly 3 - r 31Z 13)s2 (t) +  ~ ~ T ~ +  (y3 +  y l )— d T ~
dt 
(43)
d s .(t ) ds _ ( t )
F 3 (t ) =  Z 23y lS 2 ^  +  Z 13y 2Sl ^  +  Z 13 dt +  Z 23 dt * ^4 4 ^
Equation (38) has solutions of the form
3 t- r
N . —  £ A. . e j +  f.(t) i =  1,2,3 , (45)
1 j=l 1 3
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where the functions f^(t) are determined by Eq. (38), the coefficients
A . . by the initial conditions and the coefficients r. are found as the 
i j  J
roots of the auxiliary equation:
3 . 2
r Ar +  Br - C =  0 . (46)
In deriving explicit equations for the quantities and f^(t) two 
cases must be considered:
(i) Excitation
The initial conditions are
n l ( 0 )  =  n 2 ( 0 )  =  n 3 ( 0 )  =  0  ,
dN1(0) dN2(0) dN3(0)
s ' " '  —  '
dt
d ^  (0) ds (0) d 2N (0) ds (0) (4?]
— T ~  = -ysi(0) + ~ d T ~  » T T  =  - y 2s2 {0) +  ~ d T “  »
dt x dt"
d^ (0)
— —  = Z l3 s 1 (0 ) +  Z 2 3 . 2 (°) .
at
The function f.(t) has the form
l
f.(t) =  D. sin wt +  E. cos wt i =  1,2,3 , (48)
l i  l
where
Di = [(-w3 + wBH ( y 3 + y 2)aw) +  {-w2a  +  c }{r3 1 z 23b - a w 2
+ (y2y3 - r32z23^a^ /F » (49^
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m d
E 1 =  [{-w 2 A +  C}{ly 3 +  y 2 )aw} +  {w3 - - a w 2
+ (y2y 3 - r32z 23)a}]/F , (50)
D2 = C("w3 + wB}{(y3 + y 1)bw] + {-W2A + c}{r32Z13a - bw2
+  y^ ly 3 " r 31Z l3^b ^ / F »
E2 = [{-w 2A +  C} £ (y3 + y^bw} + {w3 - wB}{r32Z13a - bw2
+  ^ ^ 3  " r 3lZ i3^b l ^ F » ^5 2 )
D 3 =  [{_w^ +  w B ] [ Z ^ w a  +  Z ^ w b }  +  {-w2A  +  C]
^Z 23y lb +  Z 13y 2a ^]/F » (53)
E3 = [{-w2A + C}{Z^3wa + Z23wb] + [w3 - wB]
^Z 23y lb +  Z 13y 2 a ^ /F »
F =  {-w2A  +  C } 2 +  {-w 3 +  w B } 2 . (55)
Applying the initial conditions (47) to Eq. (45) yields expressions for 
the coefficients A^^ (given in Table l) which then can be used to 
calculate the populations N^, N 2 and N 3 at any time t during the period 
of excitation. The populations calculated from (45) at t =  t are then 
considered to be the initial populations and N 3 q, for the decay
of each state after excitation ceases.
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(ii) Decay
After t =  t the populations of the three states have a time 
variation given by Eq. (45) with f^(t) =  0 (i =  1,2,3). The initial 
conditions determining the coefficients are now
W  “ N 1 0  ' W  = N 2 0  * N 3 (to ) = N 30 ’
dN (t ) dN 2 (to )
dt =  r 31N 30 ‘ y lN 10 » dt =  r 32N 30 " y 2N 20 *
dN3 (to )
dt Z 13N 10 +  Z 23N 20 “ y 3N 30 *
 =— —  =  (r Z +  y )N + r Z N  - r ( v + y ) N  , ' '
, 2 U 31 13 y l 1 1 0  l 31 23 20 A3 1 vy3 y l ; 30 ’
at
d V U  )
71 =  ^r 32Z 23 +  y 2 ^ 2 0  +  r 32Z 13N 10 “  P 32^y 3 +  y 2^N 30 ’
at
d 2N 3 (to )
2 “  _Z 1 3 (yl +  y 3^N 10 ‘ Z 23^y 2 +  y 3^N 20
at
+  ^Z 13r 31 +  Z 23r 32 +  y 3 ^N 30 *
These coefficients are given in Table 2 with t =  0 to eliminate an 
arbitrary factor. The A ^  coefficients and decay rates r , which are 
expressed in terms of physically measurable quantities (a, b, w, T^ q >
r 2 0 » Z i3 » Z 23* Z 1 0  an(  ^ Z 2 0  ^ an(  ^ °ne S0t uldcnown parameters ( 2  and 
r 3 1 ) , completely determine the time variation of the populations of
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states 1, 2 and 3 after excitation ceases.
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III. DESCRIPTION OF THE APPARATUS
The operation of the apparatus, as summarized in Fig. 3, was
similar to that described in reference 36. The resonance radiation
emitted by an Osram lamp was focussed between the plates of a Kerr
shutter, and refocussed inside the fluorescence cell. The shutter was 
opened by a high voltage pulse (variable from 0 to 40 kV) of 20 or 50 
nsec duration, and a fraction of this, shaped to a rectangular pulse 
was applied to one input of a time-to-amplitude converter. An atom of 
the vapor may emit a photon after the Kerr shutter has closed. This 
photon was detected by the photomultiplier, producing a pulse at the 
anode which, when shaped to a rectangular pulse, was applied to the 
other input of the time-to-amplitude converter. During the time overlap 
between the two input pulses to the converter, (t2 - b^)» a ramp pulse 
was generated whose amplitude was proportional to the time overlap.
The ramp pulse, after suitable shaping, was recorded in a channel of a 
multichannel pulse height analyzer (kicksorter), appropriate to its 
amplitude. After many repetitions of the exciting light pulse, a 
spectrum of decay times of individual atoms was recorded in the kick­
sorter .
Because of the range of amplitudes in the pulses from the 
photomultiplier anode, some of the smaller ones were not properly shaped 
to be of sufficient duration. To prevent these from being recorded by 
the system, the shaped anode pulses were diverted to a circuit which
23
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formed pulses whose amplitudes were proportional to the input pulse
duration. The output of this circuit was used to gate the kicksorter
so that it would only accept an input from the time-to-amplitude converter
when gated on by a pulse of sufficient amplitude. In the sodium - inert
gas experiments, the gating pulse was taken from the penultimate dynode
3 6
of the photomultiplier . This gating was governed by the single channel 
analyzer of the kicksorter (PIP 400, manufactured by Victoreen Ltd.) 
and its associated discriminators.
The specific details of the apparatus used in the sodium -
36 37
noble gas experiments, have already been presented quite adequately ’
To avoid duplication in the discussion that follows, reference will be 
made mainly to experimental details where there has been some change 
made in the apparatus or its operation necessitated by the use of 
potassium.
The optical system used to focus the alkali resonance radia­
tion first inside the Kerr shutter and then in the fluorescence cell 
consisted of two condensers, each comprising two F/5.0 achromats. These 
were rigidly mounted in brass tubes connected to a specially constructed 
Kerr shutter mounting. Spectrolab interference filters passing either 
potassium resonance line could be inserted between the two lenses of the 
first condenser. A  small moveable periscope was attached to the brass 
cylinder near the second condenser so that the resonance radiation trans­
mitted by the Kerr shutter could be diverted by means of a fibre optics 
light guide to the rear of the fluorescence cell. This feature of the 
optical system was used in time calibrating the kicksorter and in deter­
mining the number of background pulses as a function of photomultiplier
2 4 2 ^ 2 1
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D.C. current.
The condensing lens system, which imaged the fluorescent 
light on the photocathode of a Philips 56 CVP photomultiplier, was 
initially composed of two F/1.0 plano-convex lenses. This was later 
replaced for the potassium - noble gas experiments by two F/5.0 achromats 
between which Spectrolab interference filters could be placed. To 
decrease dark current in the photomultiplier, the tube was cooled to 
liquid air temperature yielding a dark current of 3 x 10 ^  amps at the 
operating voltage of 2000 volts. The photomultiplier had a transit time 
of 30 nsec and a fluctuation in transit time of about .7 nsec across 
the photocathode. This fluctuation did not contribute to experimental 
error since only a small part of the photocathode was used.
The fluorescence cell was connected to the vacuum system by 
a capillary 2 m m  in diameter, which prevented the alkali vapor from 
migrating out of the cell. The cell was mounted on a movable Teflon 
cradle in a double-walled Transite oven. The side-arm, which contained 
the alkali metal, was kept as short as possible ( 6  cm.) in order that 
the vapor density in the cell should be determined by the side-arm 
temperature, which was maintained by an auxiliary oven. The heating 
elements consisted of #24 chromel wire and power was supplied by a 
transistorized temperature controller employing D103 thermistors as 
temperature sensing elements. The temperature of the main oven remained 
constant to within +  1°C over long periods of time while that of the 
auxiliary oven was stable to within +  .2°C. All temperatures were 
measured by copper-constantan thermocouples placed at various points on 
the fluorescence cell and the side-arm.
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The glass vacuum and gas handling system was evacuated by
an Edwards E02 diffusion pump equipped with a cold trap containing a
copper foil getter, and backed by an Edwards ES35 rotary pump. The
-  8
lowest pressure obtained consistently was about 2 x 10 Torr as measured
with a GIC 110-B CVC ionization gauge equipped with a GIC-017 ion gauge 
- 3 - 8
head (10 - 10 Torr). Molecular and inert gas pressures were roughly
2 -3
measured by an LKB 3924B Autovac gauge with a Pirani head (10 - 10
Torr) and then accurate pressure measurements were performed using a
_ 3
liquid-air trapped McLeod gauge, type GM-100A, (10 - 10 Torr) and a 
mercury manometer (500 - 10 Torr). Measurements with the McLeod gauge 
were reproducible to within two per cent.
The very short optical pulses for exciting the alkali atoms 
were produced using a Kerr cell as a high speed shutter. A  high voltage 
pulse generator (Electro Optical ILM70) which was triggered by an 
auxiliary pulse generator (Hewlett Packard Model 212A) operated at 
250 Hz, supplied the high voltage pulse which opened the Kerr shutter. 
This pulse was limited to 20 or 50 nsec duration by a pulse-forming 
network located within the Kerr cell mounting base which also supplied 
1/600 of this pulse from a voltage divider to serve as a time reference 
p u l s e .
An Electro Optical, Model K24/48P Kerr cell filled with 
nitrobenzene and having a plate spacing of 6 m m  was used in this investi­
gation. It was mounted between crossed HN7 polaroids whose axes of 
polarization were oriented at 45° to the electrostatic field between the 
plates. It was found that HN7 polaroid, with an extinction ratio of 
about 5 x 10"^ at 7700 &, was the only polaroid which could be used for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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potassium resonance radiation. The extinction ratios of HN22, HN32 and 
HN38 were too small to give an adequate signal to background ratio in 
this wavelength region. Gian air space prisms were as good as the HN7 
polaroid, but their small aperture restricted the amount of light which 
could be passed through the Kerr cell. The Kerr cell was pulsed at 17 kV; 
this represented a compromise between maximum transmission which should 
occur at 2 0  kV for the K24/48P cell at 7700 X, and a more extended life 
of the high voltage power supply and its m a i n  switching element, a 
specially aged 6587-50 thyratron.
Careful shielding of the pulse-shaping circuits was necessary 
since a great deal of electrical noise was generated by the Kerr cell 
and pulser. A  ground plane consisting of a sheet of 1/16" aluminum 
plate was placed under the equipment and all circuits were enclosed in 
aluminum boxes connected to this plane. Shielded cables were used 
throughout and tr-section filters designed to cut off noise above 1 mHz were 
attached to the mains leads. The ILM70 pulser unit with its Hewlett 
Packard pulse generator (Model 212B) were completely encased in a cage 
of extruded steel mesh attached to the ground plane.
The Kerr cell reference pulse was shaped into a rectangular 
pulse by means of the circuit shown in Fig. 4. The diode in conjunction 
with the RC-network of .003 p,F and 100 kQ  converted the input pulse into 
a pulse of rapid risetime and 2 -p.sec decay time. acted as an impedance
transformer and limited the amplitude of the pulse. was an inverter
with the collector load consisting of two 100-Q RG62/U cables in parallel. 
One cable was short-circuited 100 nsec from the collector, hence clipping 
the output pulse to 2 0 0  nsec by reflection, and the other cable conveyed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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HD5000 2N3227 2NIJ4I
20 nsec
30V
IN
I00K<
| 22
.»— * ------ 1(-
150
-• + 25 V
D. .003
io k :>
33
IN4739A .005
<
CLIPPING 
J_cable  OUT I | )V
r r  ®  ®  200 nsec
Fig. 4. The circuit for the shaping of reference pulses from 
the Kerr shutter. Capacitance values are given in microfarads unless 
otherwise stated, and resistance values in ohms.
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this pulse to the time-to-amplitude converter via a delay cable. This 
delay cable compensated for the 30 nsec transit time of the photo­
multiplier, the optical light path to and from the resonance cell, and 
the delays in the shaping circuits.
The negative voltage pulses from the photomultiplier anode, 
which had a mean amplitude of about 10 m V  and a 2 nsec risetime, were 
shaped into rectangular pulses of duration about 200 nsec and 1 V in 
amplitude by the circuit in Fig. 5. In this circuit, Q^ and formed 
an operational amplifier stage with a theoretical gain of -R^/R^,
followed by two similar stages composed of Q~, Q . , Q c and Q , . Q., and
J H  J O /
Qg in conjunction with the input RC circuit of .02 p.F and 2.7 kfl,
performed the actual pulse shaping in a configuration based on a design
38
of Tomlinson and Brown . In the quiescent state, Q q and D were
o Z
conducting, Qy and D ^ w e r e  biased off. The small positive pulse at 
the base of Qy caused it to conduct heavily and generate a sharply falling 
negative pulse at the collector, cutting off and Qg. The voltage of
the collector of Qg rose until it was clamped at about 2.5 V by . As 
the pulse at the base of Qy died away, Qy ceased conducting, its collector 
voltage rose again causing Qg to conduct. The rectangular pulse, 
approximately 1 V in amplitude appeared at the output from the push- 
pull stage comprising the NPN-PNP pair Q^ and Q ^ q *
The time-to-amplitude converter illustrated in Fig. 6 operated 
on the coincidence principle. Q^ was a constant current source feeding 
diodes and D^. A  single pulse appearing at either input would reverse- 
bias the appropriate diode, but the other diode continued to conduct, 
and the potential at the emitter of Q 2 was not greatly altered. But if
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overlapping rectangular pulses were simultaneously applied to the other 
two inputs, for the time of overlap the current from flowed through 
Q 2 and charged the .001 p.F capacitor to a voltage proportional to the 
time of overlap. The remainder of the circuit shaped the ramp pulse 
to a form suitable for kicksorter analysis.
The kicksorter gating pulses were formed by a circuit exactly 
like the one described above with one of the inputs (AAZ 13 diode and 
100 Q  resistor) removed. The pulses from the photomultiplier shaping 
circuit applied to the single input again generated ramp pulses. The 
base of was so biased by the 5 K  potentiometer that improperly shaped 
pulses (generated by very small photomultiplier pulses) of amplitude 
less than 1 V  would not turn on Q  .
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IV. EXPERIMENTAL PROCEDURE
Before each set of experimental measurements, the kicksorter 
was adjusted as follows. First the "slope intercept" and "gain" 
controls were set so that the full CRT display in either the 100 or 
200 channel mode corresponded roughly to a time duration of 150 nsec.
Then resonance radiation from an Osram spectral lamp was directed to the 
back of the resonance cell (viewed directly by the photomultiplier) by 
means of the periscope and fibre optics light guide in order to accumulat 
a time spectrum of the Kerr cell optical pulse. The "low discriminator" 
setting was increased until the average number of background counts per 
unit time in channels not occupied by the Kerr cell optical pulse 
decreased to an almost constant value. At this point all the improperly 
shaped photomultiplier pulses of too short a duration had been eliminated 
from kicksorter analysis by the gating of the single channel analyzer.
The average background count was also investigated in relation to the 
photomultiplier D.C. current. Thus, during an experiment, the background 
which arose because of spurious coincidences between the Kerr cell 
rectangular pulses and those rectangular pulses generated by both dark 
noise and light leaking through the polaroids, could be determined 
simply by measuring the D.C. current. The "high discriminator" was 
decreased until the height of the Kerr cell optical pulse, when 
accumulated for a constant time period, began to perceptibly decrease 
indicating that signal pulses were being discriminated against by the
34
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single channel analyzer. The discriminator settings were checked by 
putting the shaped pulses from the photomultiplier in delayed self­
coincidence into the time-to-amplitude converter, with the resulting 
sharp peak on the CRT display corresponding to the overlap of pulses in 
the range of 200 - 230 nsec duration.
During each d a y ’s set of measurements, the kicksorter was 
calibrated with respect to time by noting the change in channel position 
of the half height centre of the Kerr cell optical pulse as delay lines 
were used to delay the shaped photomultiplier anode pulses. These delay 
lines of lengths of RG62/U coaxial cables corresponding to delays of 
1.0, 20, 40 and 60 nsec were used singly and in series. They were 
calibrated in a separate experiment against delays induced by a carefully 
measured light path of up to 1 0 0  nsec and were found to be accurate to 
better than 1$. To ensure that the Kerr cell optical pulse shape was 
not distorted by absorption by the potassium atoms in the resonance 
cell, a rubidium spectral lamp was used as a light source with an 
appropriate interference filter to isolate one of the resonance lines. 
From the scatter of the points on each individual time calibration, it 
was estimated that this method is accurate to better than 2$.
Linde M.S.C. grade and (nominal purity 99.9$), HD (99$)
supplied by Stohler Isotope Chemicals, and Matheson C.P. grade (99.5$)
were used in this investigation of potassium - diatomic molecule
collisions. Linde M.S.C. grade He, Ne, Ar, Kr (99.99$) and Matheson
research grade Xe (99.995$) were used in the experiments requiring noble
gases. The procedure for purifying and gettering these gases has been
39
described previously .
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V. DISCUSSION OF THE RESULTS
A. Radiation Imprisonment in Potassium Vapor
A  typical decay spectrum, containing a total of about 5 x 
10 counts accumulated in two hours, is shown in Fig. 7. The slight 
undulations about the straight line which represents a strictly 
exponential behaviour of the decay, are due partly to statistical error 
and partly to the imperfect shape of the sample pulse taken from the 
Kerr shutter. The spectrum also contains some background arising from 
light leaking through the shutter and from the small dark current in 
the photomultiplier, which amounted to 13 counts/channe1, uniformly 
distributed in time. This background was subtracted before subjecting 
the results to further analysis which was carried out on an I.B.M. 1620 
(II) computer and which yielded the apparent lifetimes and t ^*
Fig. 8  shows the apparent lifetimes which were determined 
over a range of potassium vapor pressures. At low densities, and 
approach the limiting values and T 2 which are very nearly equal 
to one another. As the vapor pressure increases, t ’ and rise
steeply with the curves separated by a factor of two on the pressure
scale which, as expected, equals the ratio of statistical weights of
2
the P states. The individual values and are subject to experi­
mental error arising from the possibility of ’pile u p ’ which was 
reduced to a minimum by keeping the intensity of the exciting light 
so low that, on the average, fewer than one fluorescent photon was
36
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Fig. 7. A  semi logarithmic plot of the decay spectrum in pure 
ium vapor at a pressure of 1.3 x 1 0 “ 6 Torr, using 7665 Xpotass  
excitation (t ^ =  43.3 nsec).
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Fig. 8 . The variation of and with potassium vapor pressure. 
=  27.7 nsec and the encircled point on the ^ 3 / 2  curve were used to 
fit Holstein's theory to the experimental results.
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observed for each ten exciting light pulses. A  correction made for
this effect was negligible at low values of t t but amounted to as much
40
as 20$ for values r 1 >  10t • The effect on t' of small changes in
the depth at which fluorescence was observed was found to be negligible.
The error bars represent statistical uncertainty calculated 
from the scatter of points on each individual lifetime measurement.
In order to make this source of error small, the counting period, 
typically of the order of a few hours, was adjusted so that each 
measurement contained at least 1 0 0 0  counts accumulated in the peak of 
the decay spectrum. It was found that a 10$ uncertainty in the back­
ground determination led to less than 1$  uncertainty in the lifetime 
measurement. A  source of systematic error results from the time- 
calibration of the kicksorter. This error again was small (2$) 
compared to the statistical uncertainty, especially at high potassium 
vapor pressures.
The solid lines in Fig. 8 represent Eq. (8 ), fitted at the 
encircled point by assuming % = 5.5 m m  and =  =  T =  27.7 nsec. The
agreement with the experimental results is good except in the elbow of 
the curve where k X =« 1 . The value X = 5.5 m m  corresponds directly 
to the Kerr cell spacing of 6 m m  which, as a stop in the optical 
system, determines the depth of fluorescing vapor through 1 : 1  imaging.
The slight lack of agreement in the elbows of the curves is probably 
due to the fact that H o l s t e i n ’s theory assumes a Maxwellian velocity
8 9
distribution in the potassium vapor, which is not necessarily correct * .
To obtain the natural lifetimes and t ^, it was necessary 
to determine the pressure at which radiation trapping becomes noticeable.
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It. was found that plots of fluorescent intensity against pressure became
-7 -7 2 2
non-linear at 3.5 x 10 and 7.0 x 10 Torr, for the 4 P 3 / 2  an(* 4 Pj^ 2
states, respectively. The values x^ and x 2 , listed in Table 3, were
obtained as weighted averages of the lifetimes measured at pressures
lower than these. Even though lack of sufficient intensity made it
impossible to make measurements at pressures below 10 ^ Torr, the results
are in good agreement with recent values of other authors. The dis-
43
crepancy with Ostrovskii and P e n k i n s ’ result is ascribed to the fact 
that the Hook method depends on the exact knowledge of the potassium 
vapor pressure which is difficult to measure with high precision.
B. Quenching of Sodium Resonance Radiation by Noble Gases
A  series of lifetime determinations was carried out using
sodium vapor in mixtures with helium, neon, argon, krypton and xenon.
Since both resonance components were observed, it was expected that
Eq. (33) should be applicable and that the measured lifetimes ( 1 / ^ )
would be smaller than the mean lifetimes (x-^  and x2 ), if quenching were
present. At low vapor pressures and in the absence of noble gas, the
2
apparent lifetimes of the sodium P states are equal to the mean life­
time t which is virtually the same for both states. This means that
3
=  X 2 =  T =  16.3 nsec so that Eq. (31) can be written as
r 2 =  1/x +  Z
or, using Eq. (34),
Z t =  r 2t - 1 - N Q v r x ,
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TABLE 3 
2
Lifetimes of the 4 P States in Potassium
T (nsec)
5
4 2P 
^ 1 / 2
4 2P
* 3/2
Source Method
27.8 + 0 . 8 27.6 + 0 . 8 This Investigation Delayed Coincidences
26.0 + 0.5 Schmieder, Lurio and 
Happer4 ^ Level Crossing
27.8 + 0.5 27.8 + 0.5 Li n k 4 2 Phase Shift
25.9 + 0 . 8 25.9 f 0 . 8
43
Ostrovskii and Penkin • Hook Method
27.1 26.9
44
Heavens Bates-Damgaard
Calculation
27.1 + 0.9 27.1 + 0.9 Stephenson4 "* Magneto-Rotation
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where the quantity Z j represents the number of effective quenching 
collisions per excited atom per lifetime. Thus a plot of Zt against 
N should be linear and its slope should yield Q, the quenching cross 
se c t i o n .
The sodium vapor was maintained at a pressure of 5 x 10 ^
3
Torr to avoid imprisonment of radiation . The temperature of the main 
body of the fluorescence cell could be maintained at up to 100°C above 
that of the side arm (116°C) permitting the temperature dependence of 
the quenching collisions to be studied over a limited temperature range. 
Under these conditions, the decay spectra from which the lifetimes l / r 2  
were extracted, were exponential in character and appeared similar to 
those obtained with pure potassium vapor (Fig. 7). No correction for 
’pile u p ’ to the measured lifetimes was necessary because the counting 
rate was quite low.
The apparent lifetimes were measured at several pressures 
of each noble gas. The values of 1 / were obtained as averages of 
three determinations at each gas pressure, which were interspersed with 
repeated determinations of r in pure sodium vapor. When gases at 
pressures over one hundred Torr were admitted to the fluorescence 
cell, a large decrease in fluorescent intensity was observed, sometimes 
amounting to 30jb. This effect, which was attributed to pressure 
broadening of the sodium resonance lines, to the presence of very 
small traces of chemically active impurities in the gases and to local 
changes in the sodium vapor density, illustrates the inherent unreliabi­
lity of quenching cross section determinations from simple intensity 
measurements at these gas pressures.
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The experimental results are presented in Fig. 9. It may
be seen that, although there is some statistical scatter among the
determinations for each gas, there is no obvious effect of gas pressure
on the decay rates. In each case the points are contained within the
limits of +.03 which corresponds to an error of +  3j, in the lifetime 
determinations by this method. Least-squares analyses of the data 
contained in Fig. 9 led to a maximal value of 10 ^ for the quenching 
cross sections, which may be compared with a high-temperature cross 
section of the order of 10 ^ suggested by Tsuchiya and R u r a t a n i ^ .  
Also within the narrow temperature range covered in this investigation, 
there appears to be no discernible effect engendered by varying the 
temperature of the sodium-noble gas mixture.
C. Quenching of Potassium Resonance Radiation by Diatomic Molecules 
To determine the relative efficiencies of N 2 , H^, HD and 
D 0 for quenching of potassium resonance radiation, a series of mea s u r e ­
ments analogous to those described in part B was carried out. Both 
resonance components were observed and so Eq. (33) again provides the 
connection between theory and the experimentally observed decay spectra. 
The intensity of the potassium resonance fluorescence was much lower 
than that obtained with sodium at a comparable vapor pressure because 
the SI photocathode (56 CVP photomultiplier) has a mu c h  lower quantum 
efficiency at the potassium resonance wavelengths than has the S20 photo­
cathode (56 TVP photomultiplier) at the sodium wavelength. Consequently, 
it was necessary to work at slightly higher vapor pressures where 
radiation trapping effects become noticeable, in order to obtain
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Fig. 9. Quenching of sodium fluorescence by He, Ne, A, Kr and Xe; 
+, l/r 2 measured at 130 C; o, l/r 2 measured at 210°C.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
sufficient fluorescent signal intensity.
The potassium vapor-molecular gas mixture was maintained at 
a temperature of 80°C throughout all the measurements. Because at the 
highest potassium vapor pressure used in this experiment there was some 
radiation imprisonment, j ’ and were determined before each experi­
mental run. They were found to remain constant to within +  3^ at any 
given potassium pressure.
The quenching of the fluorescence by N£, 1^, HD and is 
represented in Fig. 10. As expected, the plots of Zj, the number of 
effective quenching collisions per lifetime of an excited atom, against 
gas density N, are linear and pass through the origin. Most measurements 
were made at the potassium vapor pressure of 1 x 10 ^ Torr and with the 
7665 &  resonance component used for excitation, which afforded the best 
compromise between adequate intensity of signal and the requirement that 
T [ =“ T^* Some measurements were also carried out at a vapor pressure 
of 4 x 10”  ^ Torr, or using the 7699 X  component for excitation, to 
ensure that neither a possible change in t J or Hue to broadening 
collisions nor a decrease in density of ground state atoms upon addition 
of the quenching gases, was a source of systematic error. The results 
of all the experimental runs yielded straight lines whose slopes were 
equal, within experimental error, to those shown in Fig. 10. The 
quenching cross sections obtained from the slopes, are compared in Table 
4 with values reported by other authors. The quoted errors which arise 
from counting statistics, were calculated from a least squares analysis 
of the experimental results. The values reported by Hooymayers and 
A l k e m a d e ^  and by J e n k i n s ^ ,  obtained from investigations of flames, as
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Fig. 10. Quenching of potassium fluorescence by N^, H^, HD and 
I)2 « The error bars represent typical statistical errors which are 
nearly the same for all the points. v> o, +, HD; x, D 2 .
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TABLE 4
Cross Sections for Quenching of Potassium Resonance Radiation
by Diatomic Molecules
Source
Cross Sections for Collisions with Molecules (8 .^ )
K  - N 2 K  - H 2 K -■ HD K - ° 2
This Investigation 34.0 + 2 . 0 9.4 +  1.3 11.9 +  1.5 8 . 0  +  2 . 0
McGillis and Krause*^
Q 1 0
35.0 +  7.0 7.0 +  3.0 11.0 + 4.0 2 . 0  +  1 . 0
14
McGillis and Krause
0CM
O'1 39.0 +  8.0 4.0 + 1 . 5 14.0 +  3.0 1.0 +  0.5
J e n k i n s ^ 17.6 +  0.9 3.23+0.16 - -
Hooymayers and .
Alkemade 29.5 +  1.0 5.4 +  0.3 - -
G a t z k e ^ 2 0 . 2  +  2 . 0 - - -
Smith, Stewart and 1Q 
Taylor 6 . 2 4.5
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18
well as G a t z k e ’s cross sections from the photolysis of KI, were
determined at quite high relative velocities v^. It is not really
surprising that these cross sections are lower than those obtained from
19
intensity measurements by Smith, Stewart and Taylor , by McGillis and 
14
Krause as a by-product of excitation transfer studies, and in this
investigation. It was not possible to separate the individual cross
sections Q ^ q  and Q 2 q> because the numerical procedures by which the
decay constants are extracted from the available experimental data
(each measurement yields the sum of two exponentials), are not suffi-
47
ciently accurate, nor can their inherent accuracy be improved . The
14
agreement with the results of McGillis and Krause is quite reasonable,
except for D^. There is no apparent correlation of the quenching
cross sections with the energy intervals between the potassium resonance
levels and the nearest vibrational levels in the molecules. A  similar
48
lack of correlation has been noted by Starr who investigated the 
transfer of energy from excited ^  molecules to ground-state sodium 
atoms. It is possible that such a resonance effect, if present, might 
have been masked by the variation of the cross sections with the relative 
velocity which was different for all the molecules.
D. Sensitized Fluorescence in Potassium-Xenon Mixtures
2
If excitation transfer between the potassium P states 
induced by collisions with noble gases proceeded through a long-lived 
intermediate molecular complex, the decay spectrum of the potassium 
sensitized fluorescence should yield information about the lifetime 
of this complex. In particular, if such lifetimes were of the order of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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nanoseconds, sensitized fluorescence should reach maximal intensity
after a longer time interval following the beginning of excitation,
than that expected from "prompt" collisions which induce mixing.
"Prompt" collisions are mixing interactions between alkali atoms and
-12
noble gases, which take place in the time (~ 1 0  sec) required for 
an atom of thermal velocity to traverse a distance of the order of the 
atomic diameters of the collision partners.
29 30
Satellite bands in the emission spectra of alkali atoms ' ,
which indicate the existence of bound states between alkali atoms and 
noble gas atoms, have only been observed with the heavier noble gases.
For this reason, xenon was chosen as the collision partner in this 
investigation of the existence of a long-lived molecular complex 
involved in excitation transfer.
To compare theory with experiment, the parameters character­
izing the decay spectra of each state which occur in Eqs. (13), (14) 
and (45) were calculated using an I.B.M. 360/40 computer. The sinu­
soidal form of the excitation pulse used in the solution of the rate 
equations was chosen because it closely approximated the shape of the 
optical pulse passed by the Kerr shutter. The correspondence between 
the observed (solid line) and assumed (broken line) shapes may be seen 
in Fig. 11. Excitation ceased at tQ =  82 nsec and w, which appeared
in Eqs. (9) and (10), is given by w  =  The ratio of the amplitudes
a and b can be readily derived from the relative fluorescent intensities
of the two potassium resonance components measured by the photomultiplier,
when the 7665 X component isolated by the interferance filter is 
used to excite the potassium atoms. If a/b (a =“ 0) is regarded as
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Fig. 11. Observed time distribution of the Kerr shutter optical 
pulse, compared wi t h  an assumed distribution used in the calculations. 
The solid line gives the observed distribution and the broken line is 
the function sin(TT t/t ) (t =  82 nsec).
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the relevant quantity, then b can be factored out of the equations for 
the state populations [(13), (14) and (45)], and becomes simply a 
scaling factor. It was found that the values of the coefficients
and T j T calculated from the theory were relatively insensitive 
to a variation of up to 10$ in the quantities a/b and tQ . The values 
of the collision numbers were calculated from the equations
Z 13 =  Z 12 =  N C * 1 2 V r
Z 23 =  Z 21 =  N Q 2 1 V r
2 2 L 3
where =  104 X and =  73 &  . I t  was assumed from the sodium-
37
noble gas results that any quenching of potassium fluorescence by
xenon would be small enough to be neglected (Z1 0 =  Z 2 0 <<: Z 1 2  or Z 2 1 >-
2
The apparent lifetimes of the potassium P resonance states, which
appear in the rate equations, were obtained from the experimental
results reported in section V. A. of this thesis and were taken to be
2 2
59.1 nsec and 46.9 nsec, respectively, for the 4 an(* ^ ^1/2
states at the potassium pressure of 3 x 10 ^ Torr used in this investi­
gation. Various lifetimes of the intermediate complex and l / r ^ )
ranging from 1 to 1 0 0  nsec, were assumed in calculating the parameters 
involved in Eq. (45), to see which gave the best fit to the experimental 
r esuIts.
In order to obtain sufficient fluorescent intensity, the 
potassium pressure was maintained at 3 x 10 ^ Torr while the temperature 
of the potassium-xenon mixture was 100°C. The pressure range of xenon 
(.1 - 1.3 Torr) over which sensitized fluorescence was observed, was
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low enough so that less than one mixing collision was expected per 
lifetime of an excited atom. The potassium atoms were excited to the
state by 7665 X  resonance radiation, and sensitized fluorescence
2
was emitted in the decay of the 4 ^ state yielding light of w a v e ­
length 7699 X. At each xenon pressure, the decay spectra resulting 
from both the resonance and sensitized fluorescence were accumulated 
and a sample set of results is presented in Fig. 12 where t =  0 is 
assumed to be the time when the Kerr shutter begins to open. Because 
of the irregularities in the peak of the optical pulse produced by the 
Kerr shutter, it was difficult to locate, in the time scale, the peak 
of the sensitized fluorescence spectrum with any degree of precision. 
However, the half-height center of these spectra when plotted on semi­
log, paper could be determined with reasonable accuracy.
The results are presented in Fig. 13, where the points are 
derived from experiment and the solid lines are theoretical. The curves 
for intermediate complex molecule lifetimes of 1 , 1 0  and 2 0  nsec are 
calculated from excitation and decay curves represented by Eq. (45) and 
the lowest curve similarly results from Eq. (13). As expected, an 
increase in xenon pressure causes the intensity of the sensitized 
fluorescence to reach its maximum earlier since the rate of population 
of the sensitized state is greater at higher gas pressures. There 
appears to be good agreement between the experimental points and the 
lowest curve which is computed without assuming the formation of an 
intermediate molecular complex. The error bars represent the combined 
errors resulting from the graphical determination of the mid-height 
centers, the beginning of excitation corresponding to the opening of
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Fig. 12. Typical observed decay spectra for the 4 t > levels, in a 
mixture of potassium with 1.3 Torr of xenon. The upper curve shows the 
resonance fluorescence spectrum (7665 X  line used for excitation), and 
the lower curve shows the sensitized fluorescence spectrum (7699 A  line 
u s e d  in observation).
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Fig. 13. Relative locations in time, of the mid-height centers of 
the sensitized fluorescence decay spectra, for various xenon pressures. 
The solid lines represent results calculated from the solutions of the 
rate equations assuming lifetimes of the intermediate complex to be 0 ,
1, 10 and 20 nsec. The points are experimental.
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the Kerr shutter and from the expected uncertainty in the time calibration 
of the apparatus. Since the counting rate for sensitized fluorescence 
was quite low, decay spectra had to be accumulated over periods of 
many hours, raising the possibility that long-term drift in the electronics 
might be a source of systematic error. To assess the effects of such 
long-term drift, the Kerr shutter optical pulse was accumulated each day 
for a period of over a week with the apparatus running continuously, 
and with the time calibration repeated each day. It was found that the 
t =  0 point corresponding to the opening of the Kerr shutter, and the 
1 0 ^ point on the optical pulse's leading edge, did not change position 
at all, remaining well within the error of +. 7  nsec, inherent in their 
determination. The random variations of the time calibration about its 
me a n  value also remained within less than 1 <f.
Thus, the results of this experiment seem to indicate that
excitation transfer does not proceed by way of an intermediate molecular
complex. The process is not entirely ruled out as a means of excitation
31
transfer since the calculations of Lapp and Mahan and Bouchiat,
32
Bouchiat and Pottier indicate that the density of alkali atom-noble 
gas molecules could be quite small. In any case, it would appear that 
almost all excitation transfer occurs as a result of the interactions 
involved in "prompt" collisions and any contribution from bound molecular 
states may be neglected.
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V I . CONCLUSIONS
Measurements of lifetimes, performed by the method of 
delayed coincidences were used to investigate quenching and imprison­
ment of resonance radiation in sodium and potassium vapors. There is
good agreement between the apparent lifetimes of the potassium
8  9
states and values calculated from H o l s t e i n ’s ’ theory. Thus, H o l s t e i n ’s 
theory appears to provide an adequate description of the imprisonment 
p r o c e s s .
Careful measurement of the cross sections for quenching 
caused by inelastic collisions between excited sodium and noble gas
atoms in their ground states shows that these cross sections are much
2 o2 20 22
smaller (s 10 A  ) than was thought previously * . This result
23
agrees with the prediction of Stamper's theoretical investigation
according to which noble gases should be very ineffective in quenching
alkali resonance radiation.
Diatomic molecules are mu c h  more efficient at quenching as
evidenced by the relatively large measured cross sections for collisions
between excited potassium atoms and N 2 , HD and D^ molecules. This
greater efficiency results from the fact that the atomic excitation
energy may be taken up by the molecule in the form of vibrational 
48
excitation . The molecules H 2 , HD and D 2 differ principally in their 
vibrational energy levels and it was expected that, if there were 
resonance effects resulting from the matching of atomic and molecular
56
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vibrational levels, they would manifest themselves in the relative sizes 
of the cross sections. However, there appeared to be no correlation 
between the measured cross sections and the energy gaps between the 
resonance levels in potassium and the molecular vibrational levels. 
Quenching cross sections measured at higher relative velocities of the 
collision p a r t n e r s ^ *  ^  are significantly smaller than those obtained 
in this investigation, implying that the cross section bears an inverse 
velocity dependence. By plotting previously published values of the 
cross sections for quenching of sodium by N£, Hooymayers and A l k e m a d e ^  
attempted to obtain the functional form of this dependence. However, 
because of the large scatter among the values reported by different 
authors, the results were not entirely convincing. Any theory which 
attempts to describe the quenching process must predict, among other 
things, the exact form of the velocity dependence and thus it would be 
of interest to conduct a systematic study of quenching cross sections 
over a wide range of relative velocities. This could be done with 
reasonable ease using the apparatus described in this thesis. The 
advantage of measuring apparent lifetimes to obtain quenching cross 
sections is that the method is relatively insensitive at low vapor 
pressures to small changes in the atomic densities arising from large 
changes in temperature of the vapor-gas mixture and to the presence of 
trace amounts of chemically active impurities in the gases. These 
variations in density along with pressure broadening of the atomic 
absorption lines make conventional fluorescent intensity measurements 
rather difficult to carry out with any degree of precision. With 
properly designed ovens, quenching cross sections could be measured
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over a wider range of temperatures providing a basis for comparison 
with existing theoretical treatments of the quenching process.
The method of delayed coincidences has also been used to 
investigate the possibility that excitation transfer in inelastic 
collisions between excited potassium and ground state xenon atoms pro­
ceeds by way of a long-lived intermediate molecular complex. The 
decay of sensitized fluorescence was investigated at various xenon 
pressures and was compared with the solutions of the rate equations 
describing the assumed mechanism of excitation transfer. The experi­
mental results indicate that this mechanism does not contribute sign­
ificantly to the collisional mixing of the resonance states.
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APPENDIX A  
Apparent Lifetimes of the ^P States
(i) Pure Potassium Vapor
^P^y 2 State ^*3/2 ®tate
Potassium Measured Calculated Potassium Measured Calculated 
Vapor Pressure Lifetime Error Vapor Pressure Lifetime Error 
(Torr) (nsec) (nsec) (Torr) (nsec) (nsec)
1.50 x 1 0 26.5 2 . 2 2 1.18 x 1 0 25.8 1.94
1.75 x 10" 7 26.2 2.57 1.44 x 1 0 " 25.8 2.32
1.75 x 1 0 - 7 26.8 2.46 2 . 0 0  x 1 0 " 29.0 2 . 0 2
1.76 x 1 0 “ 7 26.6 2.36 2 . 1 0  x 1 0 27.3 2.23
2.19 x 1 0 “ 7 28.4 2.38 2.32 x 10" 7 29.2 1.84
2.70 x 10 27.8 2.37 2.80 x 1 0 " 7 29.7 1.85
3.30 x 10 - 7 29.3 2.14 3.00 x 10" 7 30.1 1.75
4.00 x 10" 29.0 2 . 0 0 3.13 x 10" 7 31.8 2.25
4.30 x 10" 7 29.6 1 . 8 8 4.41 x 10 32.8 2 . 2 1
4.60 x 10” 7 32.0 2.40 5.60 x 10 " 7 34.2 2.08
4.95 x 10" 7 30.3 2.35 7.80 x 10" 7 35.9 2.23
6 . 0 0  x 1 0 " 7 32.5 2 . 2 2 9.50 x 10" 7 38.9 2.19
6.5 x 1 0 " 30.1 1.82 1.32 x 1 0 " 6 43.7 2.79
• o X H-
* o
1
32.8 2.15 1.50 x 10" 6 45.8 2.77
7.7 x 1 0 - 7 31.8 2.16 1.50 x 10" 6 45.7 2.97
8.4 x 10" 7 31.1 2.06 1.50 x 10" 6 46.0 2.73
9.4 x 1 0 " 7 34.5 3.29 1.64 x 10" 6 48.3 3.08
1 . 0 0  x 1 0 " 6 34.4 2.23 1.83 x 10" 6 48.7 2.98
1.14 x 10" 6 34.7 2.37 2.19 x 1 0 " 6 53.2 3.14
1.17 x 10 ' 6 35.8 2.05 2.19 x 10" 6 55.1 3.34
1.35 x 10" 6 36.2 2 . 1 2 2.19 x 10" 6 52.4 3.02
1.55 x 10" 6 39.4 2.29 2.60 x 1 0 " 6 58.3 3.56
1.85 x 10 - 6 38.1 2.38 3.07 x 10" 6 61.4 4.70
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2P^ 2  State ^ 3/2 State
Potassium Measured Calculated Potassium Measured Calculated
Vapor Pressure Lifetime Error Vapor Pressure Lifetime Error
(Torr) (nsec) (nsec) (Torr) (nsec) (nsec)
2.32 x 10 “ 6 40.2 2.45 3.77 x 1 0 “ 6 75.4 4.73
2.91 x 1 0 " 6 45.2 2.54 4.24 x 1 0 “ 6 74.1 4.40
4.30 x 10" 6 52.1 3.08 5.27 x 1 0 “ 6 86.9 5.36
5.28 x 10 ‘ 6 55.8 3.09 5.35 x io“ 6 91.0 5.36
6.17 x 10“ 6 6 6 . 1 3.78 6.85 x 1 0 “ 6 1 0 1 . 2 6.05
7.34 x 1 0 “ 6 63.5 3.58 7.25 x io“ 6 113.1 6.48
7.41 x 10" 6 62.1 3.44 8.55 x 1 0 “ 6 120.7 7.40
8.19 x 1 0 “ 6 6 8 . 0 3.79 8.67 x 1 0 “ 6 131.9 8.09
8.55 x 10 “ 6 70.5 4.11 9.02 x io“ 6 138.4 9.13
9.56 x 10“ 6 74.7 4.17 9.02 x io“ 6 130.7 8.59
1.03 x 1 0 " 5 82.7 4.72 9.02 x 1 0 “ 6 134.8 8.78
1.03 x 10“ 5 84.5 4.71 1.03 x 1 0 “ 5 169.9 11.55
1.03 x 10“ 5 84.3 4.89 1.08 x 1 0 “ 5 161.6 1 0 . 8 6
1 . 2 2  x 1 0 “ 5 91.6 5.11 1.17 x 1 0 “ 5 179.9 12.56
1.40 x 10“ 5 108.0 7.18 1.34 x 1 0 “ 5 208.1 16.31
1.42 x 1 0 “ 5 96.7 5.60 1.52 x 1 0 “ 5 257.6 2 1 . 2 0
1.67 x 10 “ 5 115.4 7.29 1.71 x 1 0 “ 5 273.9 25.69
2 . 0 2  x 1 0 " 5 127.8 8.14 1.71 x 1 0 " 5 293.7 27.47
2 . 0 2  x 1 0 “ 5 132.7 7.59
2.45 x 10“ 5 146.4 9 . 0 0
2.46 x 1 0 “ 5 173.6 11.40
2.72 x 10“ 5 188.8 11.75
2.72 x 1 0 “ 5 194.3 12.90
3.31 x 10 - 5 230.3 16.26
3.80 x 10“ 5 264.7 17.00
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(ii) Sodium - Noble Gas Mixtures
Sodium - Noble Gas Mixture at 130°C
He Ne Ar
He Pressure
Measured
Lifetime
Ne Pressure
Measured
Lifetime
Ar Pressure
Measured
Lifetime
(Torr) (nsec) (Torr) (nsec) (Torr) (nsec)
154 16.40
16.40 
16.00
214 15.88
15.70
15.60
148 16.28
16.72
16.21
372 16.48
17.10
16.50
316 16.09
16.11
15.79
148 16.60
16.29
15.79
426 16.76
16.60
16.63
360 16.24
16.19
16.08
186 16.29
16.11
16.23
440 16.10 400 16.36 16.33
16.30 16.27 246 16.00
16.41 16.03 16.49
488 16.29 448 16.33 16.29
16.69 16.31 348 16.60
16.71 16.15 16.19
508 16.10 16.20 16.22
16.39 16.59 400 16.30
16.53 474 15.69 16.12
566 15.87
16.69
16.11 534
556
15.85
15.90
15.95
16.31
16.34
16.06
16.19
16.26
16.52
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Sodium - Noble Gas Mixture at 130°C (continued)
Kr Xe
„ Measured 
Kr Pressure T . c
Lifetime
(Torr) (nsec)
„ „ Measured 
Xe Pressure , . c ^ .
Lifetime
(Torr) (nsec)
260 16.12 134 15.69
16.22 16.02
16.69 16.40
310 15.85 196 16.31
16.41 15.99
15.90 16.22
360 15.94 206 15.69
15.98 16.10
16.31 16.07
402 16.29 312 16.62
16.40 16.39
15.91 16.70
592 16.52 386 16.30
16.39 16.38
16.21 16.00
706 15.63 418 16.21
16.83 15.99
16.32 16.10
786 16.30 504 16.92
16.07 17.00
16.24 16.88
522 16.32
16.02
16.79
614 16.10
16.97
16.51
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Sodium - Noble Gas Mixture at 210°C
He Ne Ar
He Pressure 
(Torr)
Measured
Lifetime
(nsec)
Ne Pressure 
(Torr)
Measured
Lifetime
(nsec)
Ar Pressure 
(Torr)
Measured
Lifetime
(nsec)
392 16.56 476 16.51 98 16.43
16.09 16.08 16.19
15.77 16.40 15.86
444 16.03 502 16.00 142 16.51
16.55 15.62 16.05
16.84 16.00 16.00
508 16.23 580 16.10 206 16.34
15.67 16.11 16.12
16.27 15.29 16.44
564 16.11 626 16.30 218 15.92
16.03 16.28 16.68
16.05 16.10 15.79
234 16.18
16.14
16.15
Kr Xe
Measured Measured
Kr Pressure
Lifetime
Xe Pressure
Li fetime
(Torr) (nsec) (Torr) (nsec)
348 15.71 378 16.51
16.44 16.70
15.90 16.34
422 15.80 442 16.26
16.25 15.83
16.18 16.91
530 15.91 544 16.32
15.87 15.91
16.57 16.62
556 16.55 578 16.19
16.26 16.31
16.72 16.61
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(iii) Potassium - Diatomic Molecule Mixtures
Gas Pressure 
(Torr)
Measured Lifetimes
With Gas Present Without Gas
l/r2 (nsec) rj (nsec) T 2 (nsec)
.52 27.08 29.11 32.53
.70 27.43 29.11 32.53
.80 30.95 32.55 37.85
1.06 25.80 29.11 32.53
1.13 32.41 35.96 41.79
1.19 27.45 32.55 37.85
1.28 30.80 35.96 41.79
1.41 24.38 29.11 32.53
1.63 25.90 32.55 37.85
1.65 23.08 28.27 31.59
1 . 6 6 28.35 35.96 41.79
1.70 24.41 28.27 31.59
2 . 0 0 22.53 28.27 31.59
2 . 0 1 24.30 32.55 37.85
2 . 1 1 25.52 35.96 41.79
2.31 24.80 35.96 41.79
2.39 23.93 35.96 41.79
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Gas Pressure Measured Lifetimes
(Torr) With Gas Present Without Gas
l/r 2 (nsec) Tj (nsec) t ^ (nsec)
.40 35.29 34.33 39.98
.77 32.59 34.33 39.98
.95 30.95 34.33 39.98
1 . 0 0 30.70 34.33 39.98
1 . 0 0 30.40 32.71 38.00
1.34 28.87 32.71 38.00
1.36 29.97 34.33 39.98
1.40 26.90 32.71 38.00
1.43 27.99 32.50 38.03
1.51 28.29 32.71 38.00
1.60 26.86 32.50 38.03
1.61 28.33 33.19 38.60
1.70 26.37 32.50 38.03
1.78 26.97 33.19 38.60
1.85 27.00 32.50 38.03
1.94 24.14 31.75 36.87
2.04 26.10 33.19 38.60
2.15 24.69 31.75 36.87
2.17 24.97 31.75 36.87
2 . 2 0 24.66 32.50 38.03
2.23 24.67 31.75 36.87
2.30 25.81 33.19 38.60
2.48 23.49 32.71 38.00
2.62 23.73 31.75 36.87
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Gas Pressure 
(Torr)
Measured Lifetimes
With Gas Present Without Gas
11*2 (nsec) (nsec) X 2 (nsec)
1 . 2 2 31.77 33.62 34.02
1.24 33.90 33.62 39.02
1.24 30.90 32.40 37.97
1.51 30.70 33.62 39.02
1.58 32.17 33.62 39.02
1.63 29.93 33.74 39.25
1 . 6 8 30.05 33.62 39.02
1.81 28.36 32.40 37.97
1 . 8 6 30.31 33.00 38.39
1 . 8 8 29.47 32.40 37.97
2.15 28.29 33.62 39.02
2.18 28.21 33.74 39.25
2.18 28.49 33.74 39.25
2 . 2 0 27.42 33.62 39.02
2 . 2 1 24.59 27.75 32.20
2 . 2 1 24.89 27.75 32.20
2 . 2 2 28.14 33.62 39.02
2.25 26.85 33.00 38.39
2.30 26.94 28.18 30.33
2.30 24.74 28.18 30.33
2.30 24.76 28.18 30.33
2.34 27.74 33.74 39.25
2.46 27.66 33.00 38.39
2.47 27.06 33.00 38.39
2.48 27.74 33.00 38.39
2.50 28.30 32.42 37.59
2.58 26.79 33.74 39.25
2.72 27.73 32.42 37.59
2.74 26.48 32.42 37.59
2 . 8 6 26.21 32.42 37.59
2.97 26.79 32.40 37.97
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HD
Gas Pressure 
(Torr)
Measured Lifetimes
With Gas Present Without Gas
1 /: (nsec) t ’ (nsec) t 2 (nsec)
.90 30.86 33.00 38.51
1 . 2 0 29.13 33.00 38.51
1.53 30.35 34.45 40.02
1.63 27.87 33.00 38.51
1.76 28.03 34.12 39.74
1.82 27.42 33.00 38.51
1.90 27.24 33.00 38.51
1.95 28.08 34.45 40.02
2.05 27.08 33.00 38.51
2 . 2 0 26.39 33.00 38.51
2.27 27.11 34.45 40.02
2.55 25.25 34.12 39.74
2.55 25.13 34.12 39.74
2.63 26.46 34.45 40.02
2.97 24.97 34.45 40.02
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APPENDIX B
Sensitized Fluorescence Data Obtained From Potassium - Xenon Mixtures
Xe Pressure Delay of the Mid-Height Centre of the
(Torr) Sensitized Fluorescence Decay Spectra (nsec)
. 1 2 96.1
.17 93.8
.23 95.2
.33 93.2
.38 92.8
.42 92.9
.69 8 8 . 0
.71 89.6
.82 8 8 . 2
1.30 84.2
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